Conclusions:
The absence of central nervous system involvement and recurrent myoglobinuria expands the clinical phenotype of this treatable mitochondrial disorder. The complete recovery of myopathy with exogenous CoQ 10 ) is rare and is characterized by significant clinical heterogeneity. The clinical spectrum varies from encephalomyopathy, [1] [2] [3] [4] familial cerebellar ataxia, 5 and Leigh encephalopathy 6 to widespread multisystem disease. 7 The encephalomyopathic form, described in 4 families, [1] [2] [3] [4] is characterized by exercise intolerance, recurrent myoglobinuria, developmental delay, ataxia, and seizures. Herein, we describe a patient with exercise intolerance, ragged red fibers, muscle CoQ 10 deficiency, and associated muscle carnitine deficiency with no evidence of recurrent myoglobinuria or central nervous system involvement. Treatment with CoQ 10 supplementation resulted in significant clinical improvement and normalization of serum creatine kinase and lactate values. This report extends the clinical spectrum of CoQ 10 deficiency to include isolated primary myopathy without ataxia, seizures, or cognitive impairment.
REPORT OF A CASE
The patient was initially evaluated at 11.5 years of age for progressive muscle weakness. He was a previously healthy, developmentally normal child, born at 34 weeks' gestation to healthy, nonconsanguineous parents. Insidious onset of exercise intolerance and proximal muscle weakness began 4 months prior to evaluation, manifested by difficulty ascending stairs and lifting heavy objects. This was preceded by constitutional fatigue for several months.
He lost weight over this interval and complained of lower extremity muscle cramps. There was no history of unexplained fever, rash, ataxia, hearing loss, or seizures. Family history was unremarkable for neuromuscular disorders. On physical examination he was noted to have significantly reduced proximal muscle strength at the shoulders and the hips, with mild wasting of the shoulder muscles. The Gower maneuver was noted when arising from a seated position. There was no evidence of ophthalmoplegia or ataxia. His creatine kinase level was elevated at 359 U/L (reference range, 55-215 U/L), his lactate level was 33.33 mg/dL (3.7 mmol/L) (reference range, 1.80-18.01 mg/dL [0.2-2.0 mmol/L]), urinalysis did not reveal myoglobinuria, and urine organic acid analysis detected abnormal metabolites including ethylmalonic acid, methylsuccinic acid, hexanoylglycine, and lactic acid. The plasma acylcarnitine profile exhibited elevations of butyrylcarnitine, pentanoylcarnitine, hexanoylcarnitine, octanoylcarnitine, and decanoylcarnitine, with no evidence of plasma total carnitine depletion. Nerve conduction velocity measurements were normal, but the electromyogram showed low-amplitude polyphasic units consistent with myopathy.
METHODS
A skeletal muscle biopsy was performed at 11.5 years of age. Cryostat sections of flash-frozen muscle were stained with hematoxylin-eosin, the modified Gomori trichrome stain, succinate dehydrogenase, cytochrome-c oxidase, reduced nicotinamide adenine dinucleotide dehydrogenase, and adenosine triphosphatase activities at pH 4.3 and 4.6. Muscle was fixed in 3% glutaraldehyde for electron microscopy. A blood specimen for mitochondrial DNA mutation analysis was obtained from the proband. Mitochondrial DNA mutation analysis in the proband's skeletal muscle and blood specimens were performed to analyze common point mutations (myopathy, encephalopathy, lactic acidosis, and strokelike episodes A3243G and T3271C; myoclonic epilepsy and ragged red fibers A8344G and T8356C; neuropathy, ataxia, and retinitis pigmentosa T8993G and T8993C; cardiomyopathy G8363A; and Leber heredity optic neuropathy G11778A, G3460A, T14484C, and G14459A), deletions, and duplications. The respiratory chain (RC) enzyme analysis in skeletal muscle was performed using standard spectrophotometric analyses. [8] [9] [10] [11] The carnitine palmitoyltransferase activity was quantified using the isotopeexchange method of Norum.
12 Fatty acid-oxidation enzyme activities were evaluated by spectrophotometric assays with chain-length specific substrates of ␤-oxidation. The CoQ 10 level was analyzed in skeletal muscle by using highperformance liquid chromatography with UV detection (275 nm) and using coenzyme Q 9 as an internal standard.
13,14

RESULTS
Skeletal muscle histochemical evaluation revealed rare pale-staining myofibers with the cytochrome-c oxidase stain and scattered ragged red fibers with the Gomori trichrome stain (Figure) . On electron microscopy, there was an increase in the number of mitochondria, although no abnormally shaped or enlarged mitochondria were found. A prominent increase in lipid droplets and subsarcolemmal and intermyofibrillar accumulation of free glycogen were found. In muscle, total and free carnitine values were 2.3 SDs below the normal reference mean. Fatty acid-oxidation enzymes and carnitine palmitoyltransferase activities in muscle were normal. Common mitochondrial DNA point mutations and deletions were not detected in skeletal muscle or lymphocytes. The RC enzyme analyses showed partial reductions in complex I, I + III, and II + III activities (Table) with greater than 200% of normal citrate synthase activity, suggestive of increased mitochondrial content and corroborating histochemical findings. Results of magnetic resonance imaging and magnetic resonance spectroscopy of the brain were normal. An echocardiogram demonstrated normal cardiac function. The patient was treated with 150 mg/d of a CoQ 10 supplement and 100 mg/kg per day of carnitine for 3 months. On a 3-month follow-up visit, a remarkable improvement in muscle strength was noted with increased proximal muscle strength and absent Gower sign. Based on his considerable improvement with antioxidant therapy, the CoQ 10 concentration was analyzed by high-performance liquid chromatography in the original skeletal muscle specimen and found to be 46% of the normal reference mean. The in vitro addition of 50 µmol/L of coenzyme Q 1 to the succinate cytochrome-c reductase assay of the patient's skeletal muscle whole homogenate increased the succinate cytochrome-c reductase activity 8-fold compared with a 2.8-fold increase in the normal control homogenates. Citrate synthase activity was not influenced by the addition of coenzyme Q 1 to the assay in patients or in controls (data not shown). The CoQ 10 supplementation was increased to 300 mg/d at the 3-month visit and within 6 months of therapy, both the creatine kinase (140 U/L) and lactate (5.4 mg/dL [0.6 mmol/L]) levels normalized, with sustained clinical improvement.
COMMENT
Our findings in this case study suggest that CoQ 10 deficiency and the concomitant significant reductions in complex I, I + III, and II + III enzymatic activities in the RC were responsible for the mitochondrial disorder observed in our patient. The observed muscle carnitine deficiency is most likely related to an increased reduced nicotinamide adenine dinucleotide-nicotinamide adenine dinucleotide ratio associated with respiratory chain defects. 15 The increased ratio could impair ␤-oxidation at the level of 3-hydroxyacyl-coenzyme A dehydrogenases, with a subsequent accumulation of acylcoenzyme A ␤-oxidation intermediates. These intermediates, released as carnitine esters, are transported into plasma and eliminated in urine, leading to secondary carnitine deficiency. 16, 17 A recent study of 13 patients with childhood-onset cerebellar ataxia and marked CoQ 10 deficiency suggested a cutoff for primary CoQ 10 deficiency in muscle at 55% of the normal reference mean. 18 Our patient's muscle CoQ 10 activity was 46% of the normal reference mean. This result, in conjunction with the in vitro augmentation of residual muscle complex II + III activity with the addition of exogenous coenzyme Q 1 to the assay and the successful clinical outcome with CoQ 10 therapy, suggests primary CoQ 10 deficiency in our patient. However, the molecular elucidation of this disorder will be required to confirm a primary defect in the ubiquinone biosynthetic pathway in all of these cases. We could hypothesize that the partial deficiency of CoQ 10 observed in our proband perhaps accounts for the late clinical manifestation and isolated muscle involvement. However, detailed review of the reported cases indicates no clear correlation between the observed in vitro muscle or fibroblast CoQ 10 levels and the severity in phenotype and/or age of onset in the affected individuals. This is illustrated by the presence of undetectable CoQ 10 levels in fibroblasts in 2 siblings, one with widespread multisystem involvement and the other with a milder form of the disease. 7 In another report of childhood-onset cerebellar ataxia and marked CoQ 10 deficiency, 18 patients who exhibited muscle CoQ 10 concentrations of 2.9 µg/g and 14.8 µg/g, respectively, had a similar phenotype of ataxia and cerebellar atrophy by 9 years of age with no developmental delay or seizures.
Coenzyme Q 10 plays an important role in the mitochondrial RC by acting as a redox carrier, transferring reducing equivalents from complex I and complex II to complex III. 19 Coenzyme Q 10 allows the extrusion of protons from the matrix to the intermembrane space along with the electron flow through the RC. 20 Deficiency of CoQ 10 impairs the proton transfer across the inner mitochondrial membrane, thus affecting generation of adenosine triphosphate and all adenosine triphosphatedependent metabolic processes. Although the antioxidant treatment for RC defects has no proven efficacy, treatment of ubiquinone deficiency might represent an exception. A defective incorporation of tritium ( 3 H)-mevalonate into CoQ 10 in fibroblasts initially suggested a specific site of impairment of endogenous CoQ 10 synthesis. 7 Rötig et al 7 reported very low concentrations of labeled decaprenyl-diphosphate in patients' fibroblast extracts, consistent with a deficiency of trans-prenyltransferase; however, no mutations in the gene encoding trans-prenyltransferase were identified, suggesting that another gene involved in this pathway may be affected. Recently, mutations in the trans-prenyltransferase gene have been identified in 2 siblings with mild intellectual retardation, profound deafness, optic atrophy, valvulopathy, and obesity who had CoQ 10 deficiency in fibroblasts but not in skeletal muscle. 21 At least 4 different clinical manifestations of CoQ 10 deficiency have been described: the encephalomyopathic form with myoglobinuria, ataxia, and seizures [1] [2] [3] [4] ; a predominantly cerebellar disease with ataxia and cerebellar atrophy 5, 18 ; a widespread multisystem involvement with hypertrophic cardiomyopathy, ataxia, optic nerve atrophy, deafness, generalized amyotrophy, and nephrotic syndrome 7 ; and Leigh encephalopathy with growth retardation, ataxia, deafness, and lactic acidosis. 6 The clinical heterogeneity found among patients with CoQ 10 deficiency suggests that a number of biochemical and molecular defects may be involved in causing different clinical phenotypes.
The isolated myopathy with absence of central nervous system involvement and recurrent myoglobinuria †Residual enzyme activity greater than 2 SDs below the normal reference mean.
‡Citrate synthase activity was not influenced by the addition of coenzyme Q 1 to the assay (data not shown).
in our patient expands the clinical phenotype of CoQ 10 deficiency. The complete recovery of myopathy with exogenous CoQ 10 supplementation observed in this patient highlights the importance of early identification and treatment of this genetic disorder, perhaps offering a similar prognosis to patients affected with the myopathic form of this condition. Functional studies to identify the possible defect of ubiquinone synthesis in our patient are currently underway. This case demonstrates the need for detailed biochemical assessment of mitochondrial function in the diagnostic evaluation of isolated myopathies.
